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The CANDU nuclear reactors that supply a major portion of the 
electrical power to eastern Canada house the uranium fuel elements in 
long tubes made of a zirconium-niobium alloy. After lengthy exposure to 
the radiation inside the reactor, these tubes become filled with hydride 
precipitates that can ultimately nucleate small cracks. To avoid 
failure from these cracks, the tubes are now being replaced after a con-
servative length of time. If a quantitative method of determining the 
actual hydride content of particular tubes were available, it would be 
possible to extend this time on many tubes and thus avoid retubing costs 
and the expense of reactor shutdowns. Unfortunately, nondestructive tests 
for the hydride content are not available because the effect of hydride 
formation on the physical properties of the tube is small and the sensors 
available for the tests must be able to operate in the nuclear reactor 
environment of an elevated temperature, high background radiation levels 
and a long tube geometry. 
MEASUREMENT CONCEPT 
This paper describes an investigation into the ability of ultrasonic 
velocity measurements to detect and measure the hydride content in Zr-2.5 
Nb pressure tubes of the same dimensions as used in the reactors. Tests 
were preformed on tube samples that had been intentionally charged with 
hydrogen to the levels that are considered important to the reactor 
operators. Two different approaches were investigated. One used the 
fact that the absolute magnitude of the second order elastic constants 
(as reflected in the value of the velocity of sound) can be expected to 
be a function of the amount of hydrogen in solid solution and of the 
volume fraction of the second phase compound zirconium hydride that may 
be present. The other approach was based on the suggestion that the third 
order elastic constants (as reflected in the pressure or temperature deri-
vatives of the velocity of sound) are often much more sensitive to alloy 
composition and precipitate morphology than the elastic constants them-
selves {I}. Since the pressure and temperature of the tubes in a reactor 
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are available as variables to the reactor operator, the measurement of the 
pressure and temperature derivatives may be easier than measuring the 
absolute values of the elastic constants themselves. 
In order to measure the velocity of sound with a technique that would 
be compatible with the reactor environment, EMATs were used to excite and 
detect Lamb waves in the tube walls. Since EMATs are simply coils of wire 
with a source of magnetic field, they can be constructed to withstand 
higher temperatures and radiation levels than piezoelectric transducers 
can endure. Furthermore, they are able to excite and detect specific Lamb 
wave modes that can be chosen to minimize errors from variations in the 
tube geometry. In particular, by using the Lame modes which have the same 
sensitivity of their phase velocities to thickness changes {2} and by 
directing them in a circumferential direction, we can compare the velocity 
of two acoustic waves that have traveled over identical distances and are 
modified in the same way by the thickness variations they encounter. Thus, 
a simple measurement of the transit time difference for one circumferential 
round trip will yield a quantity that is insensitive to the variations in 
the wall thickness and tube diameter that are certain to be present in 
field applications of the technique. 
In order to describe the influence of hydride prec~p~tates on the 
velocity of the Lame modes and to clarify the sources of error that may 
limit the accuracy of the final approach, we consider the pipe wall to be 
an isotropic plate made anisotropic by the presence of hydride platelets 
that lie preferentially in a plane parallel to the tube walls. Such a 
plate can be viewed as transversely isotropic with the preferred axis 
perpendicular to the plane of the platelets (i.e., parallel to the radial 
direction of the tube). A shear wave moving in such a medium will propa-
gate with a velocity determined not only by the five elastic constants 
needed to describe a medium with transverse isotropy but also by the 
directions of propagation and polarization relative to the preferred axis 
and the plane of isotropy. It is well known that the Lame modes can be 
viewed as pure shear waves bouncing between the top and bottom surfaces 
of the plate at a 450 angle of incidence {3}. This condition is shown 
diagrammatically in Fig. I. One of the waves is polarized parallel to the 
walls and is referred to as a Shear Horizontal or SH wave. The other wave 
is polarized in the sagittal plane of the plate and is referred to as a 
Shear Vertical or SV wave. From the theory of wave propagation in trans-
versely anisotropic media {4}, it can be shown that these two waves have 
different phase velocities that are determined by the five elastic con-
stants of the medium. The two velocities are equal only if the elastic 
constants obey the conditions of isotropy which are CII = C33, CI2 = CI3 
and CII - CI2 = 2C44. We anticipate that the development and growth of 
hydride platelets parallel to the plate walls will destroy the conditions 
of isotropy and make the two velocities differ by an amount proportional 
to the hydride content. 
Since the effects of the hydrides are known to be small, we must take 
into account the effect of temperature variations during the measurement 
process. Furthermore, since we wish to impose pressure changes to measure 
the third order elastic constants, we must also introduce the effects of 
the gas pressure inside the tube. This can be accomplished by introducing 
the coefficients a, b, a and B which differ from the normal temperature 
and pressure derivatives of the wave velocities only in that they are the 
more directly measured transit time derivatives. If we let 
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T the temperature change after the start of a measurement sequence, 
P the pressure change after the start of a measurement sequence, 
H the transit time of the SH wave at the start of the measurements, 
V the transit time of the SV wave at the start of the measurements, 
;/t.. POLARIZATION ~ 
Fig. 1. Diagram showing the EMATs and the shear waves they generate in a 
plate for the Lame mode case. 
h(t) 
vet) 
t 
the SH wave transit time after starting the measurements, 
the SV wave transit time after starting the measurements, 
the time after starting the measurements, 
it then follows that the measured transit times h and v will depend on the 
temperature and pressure by the linear equations 
h H + aT + bP v v + aT + SP ( 1) 
If P is the gas pressure inside the tube, then the hoop stress in the tube 
wall caused by this pressure is given by PD/2T where D is the tube diameter 
and T is its wall thickness. This stress is in the direction of the cir-
cumference and is, therefore, parallel to the direction of the Lame wave 
propagation or at 450 to the shear wave propagation direction inside the 
tube walls. The coefficients band S can therefore be related to the 
third order elastic constants because they can be related to the uniaxial 
stress dependence of the five elastic constants of the tube wall material. 
EXPERIMENTAL APPARATUS 
Since the long range plan is to use the Lame wave technique inside a 
nuclear reactor, the EMAT probes were mounted on a stainless steel frame 
that could be pushed through a long pressure tube in a CANDU reactor. 
Four individual EMATs were mounted at 90 degree intervals around the frame 
so that they would all lie on the same circumferential belt. Individual 
springs held each probe against the ID surface so that the entire device 
could be slid through the tube while the air gap under each EMAT coil re-
mained constan!:. Fig. 1 shows a cross section drawing of the two EMAT 
types. The SH wave EMAT was constructed out of an array of oppositely 
polarized permanent magnets and a single loop wire coil sandwiched between 
the magnets and the tube surface in the usual SH wave transducer con-
figuration that has been described elsewhere {5}. The SV wave transducer 
also used a periodic array of magnets but their direction of magnetization 
was combined with a comb-like array of iron pole pieces in order to subject 
the tube surface to periodic magnetic fields oriented tangential to the 
surface. The EMAT coils were individual loops fit in between the pole 
pieces as shown in Fig. 1. By choosing the width of the individual magnets 
in the SH wave EMATs and the spacing between the wires in the loop coils 
of the SV waVE EMATs to be equal to the wall thickness of the tube (0.16"), 
the Lame wave condition of a wavelength equal to twice the wall thickness 
could be satisfied. Based on the shear wave velocity in the Zr-2.5 Nb 
alloy which is 0.096 in/~sec, this condition demands that the transducers 
be operated at a frequency of 300 kHz. 
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By having four probes, the transmitters and receivers for each wave 
could be made separate and, if like pairs were separated by 900 , their 
clockwise and counterclockwise signals could be time resolved. Thus, the 
first signal to be observed at a receiver would have traversed 1/4 of the 
circumference, the second signal 3/4 of the circumference and the third 
signal 1-1/4 circumferences. By measuring the time between corresponding 
zero crossings within the tone burst for the first and third signals, the 
transit time for one complete trip around the tube could be very 
accurately measured. A similar time difference for the other pair of 
transducers would yield the round trip travel time for the other wave type 
and both waves would have covered identical path lengths and averaged over 
identical thickness variations. Thus, variations in the tube geometry 
were minimized or eliminated from the measurements especially if the 
difference in transit times is measured as the probe structure is trans-
lated along the length of the tube. Equation (1) can be written to expose 
how the transit time difference will depend on the temperature and 
pressure. The result is 
(h - v) _ t:. (H - v) + (a - a)T + (b - S)p 
which will be independent of temperature if a 
function of P if b # S. 
a and will be a linear 
(2) 
For measuring the dependence of t:. = (h - v) on hydride content, a 177 
cm long tube was prepared with four, 10 cm long belts of differing hydride 
content spaced out at 15 cm intervals near the center of the tube. In 
this way, a graph of ~ vs. location along the tube should exhibit steps 
with heights related to the hydride content in each belt. 
For measuring the stress dependence of the sound velocities, two 
tubes were prepared with different hydrogen concentrations in each one. 
Tube I (23.0 cm long) contained 10 ppm hydrogen 
Tube II (22.3 cm long) contained 120 ppm hydrogen 
Aluminum caps with O-ring seals were fabricated to fit into the ends of 
these tubes so that high pressure gas could be pumped inside to generate 
a hoop stress in the tube wall. These caps were held in place by long 
bolts that connected the two end caps together to prevent the internal 
gas pressure from pushing the caps out of the tube. Electrical connections 
to the four EMATs in their stainless steel frame which was positioned 
inside the tube were made through a pressure seal mounted in one end cap. 
A high pressure hose and fitting brought nitrogen gas from a tank to the 
inside of the tut2 through the other end cap. A drawing of this setup is 
shown in Fig. 2. Then high pressure gas was introduced into the 
zirconium tube, the temperature of the tube was observed to rise by 
several degrees and a long time was required for it to return to room 
temperature. Therefore, the entire apparatus was immersed in a water bath 
that made good thermal contact with the end caps and the zirconium tube. 
Unfortunately, the water damped the SV wave in the tube wall so an air 
jacket had to be wrapped around the tube in the area of the sound path 
and low pressure air had to be supplied to keep the sound path dry. It 
was also observed that if the long bolts that kept the end caps in place 
were tightened too much, the tube became constrained and the change in the 
transit times as a function of pressure became nonlinear and exhibited 
hystersis. Therefore, pressure runs were started with the bolts snug but 
not tight and the data at low pressures was not used in the analysis. 
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Fig. 2. Schematic diagram of the apparatus used to measure the pressure 
derivatives of the Lame modes under isothermal conditions. 
RESULTS 
Second Order Elastic Constants. If the second order elastic constants 
and the degree of anisotropy depend on the hydrogen content, the transit 
time of the Lame waves should exhibit changes that correlate with the 
hydrogen concentration as the EMAT probe is translated along the long tube 
that had been charged with hydrogen in four, localized, 10 cm long belts 
near the center of the tube. Figure 3 plots the difference ~ = (h - v) 
as a function of position along the tube length. There are clear changes 
in the transit time difference in the region that had been charged with 
hydrogen but the difference does not show steps whose magnitude corresponds 
to the known concentration of hydrogen within each step. These known con-
centrations are indicated by horizontal lines with the hydrogen concentra-
tion in units of parts per million (ppm) written next to each line. 
The data displayed in Fig. 3 show that: 
1. Measuring the difference in Lame mode transit times appears 
capable of removing such geometrical effects as thickness variations and 
diameter variations from the data so that metallurgical effects that change 
the sound velocity by only a few parts in 10,000 can be detected by a 
probe that scans along the length of the pressure tube. 
2. Hydrogen concentrations in the 20 to 100 ppm range appear to 
modify the difference in Lame mode wave velocities by several hundred ppm 
but a linear relationship between the difference and the hydrogen concen-
tration either does not exist or is obscured by unknown factors. 
Third Order Elastic Constants. Since the probe used to measure the 
transit time of the two Lame modes can also be used to measure the 
temperature and pressure derivatives of the wave velocities, it is useful 
to see if these differential quantities might be capable of exposing and 
measuring the hydrogen content of a pressure tube more reliably than the 
absolute value of the transit time difference displayed in Fig. 3. To 
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Fig. 3. Difference in the transit time between the SH and SV waves as a 
function of the position of the EMATs in a tube with localized 
belts of differing hydrogen contents near the center of the tube. 
accomplish this, two tubes with differing hydrogen contents were pres-
surized, heated and cooled while the Lame wave transit times were being 
recorded. Figure 4 shows how the transit time of the SH wave varied as a 
function of time when the pressure was increased in three abrupt steps of 
approximately 500 psi per step followed by reducing the pressure to 
ambient followed by increasing the temperature in several steps from 18 to 
21 degrees Celsius. It is clear that the three degree C temperature in-
crease changed the transit time by much more than the 500 psi pressure 
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Fig. 4. variation of the circumferential transit time of the SH wave as 
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a function of time. Left side: increasing the pressure in three 
500 psi steps. Center: releasing the pressure in one step. 
Right side: increasing the temperature by three degrees C. 
change. In fact, the heating of the gas in the tube when the pressure was 
increased and the cooling when the pressure was released produced much 
bigger changes in the transit times than the pressure itself. It was 
necessary to wait about 15 minutes for thermal equilibrium to appear to 
be established and even that may not have been long enough. The best 
procedure was to increase the pressure only by 100 psi every eight 
minutes and then remove it at the same rate while adjusting the water 
bath temperature to keep the temperature of the tube within 0.10 C of a 
constant value. The results of using this procedure are shown in Fig. 5 
which plots the shift in both the SH and SV wave transit time as a function 
of pressure on one of the samples. 
By accurately measuring the slopes of the straight lines observed in 
graphs of the transit time vs. temperature and pressure, the following 
table of value for the temperature and pressure derivatives of the SH and 
SV wave transit times were deduced. 
The values given in the table above can be converted into the true values 
for the relative derivatives of the sound velocities by dividing by the 
total transit time for the waves to traverse the tube circumference which 
Table I. Values for the temperature and pressure derivatives of the SH 
and SV waves in Zr-Nb tubes with different hydrogen contents. 
10 ppm H 
120 ppm H 
Temperature Derivatives 
(nsec/deg C) 
a 
a 
SH Wave SV Wave 
72 .0 
72 .4 
Cl'. 
Cl'. 
46.3 
46.3 
b 
b 
Pressure Derivatives 
(nsec/psi) 
SH Wave SV Wave 
-0.138 
-0.129 
[3 
[3 
+0.130 
+0.107 
Effect of 110 ppm H 0.05% 0% 6.8% 19.3% 
PRf1)SURE T~ 
120 ppm Hydrogen 
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• SVWave - + .107ns/psl + SHWave - · ,l29ns/psl 
Fig. 5. Shift in circumferential transit time with pressure for both the 
SH and SV waves. 
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was 204 microseconds. Likewise, the pressure in the tube can be converted 
into the hoop stress by mUltiplying by the ratio of the tube diameter to 
twice the wall thickness. For the experiments performed here, D = 10.8 cm 
and t = 0.43 cm so D/2T = 12.7. 
CONCLUSIONS 
The table above shows immediately that: 
1. The temperature dependence of the SH and SV wave velocities are 
quite different. Therefore, forming the difference between the SH and SV 
wave transit times will not eliminate corrections for temperature fluctu-
ations during the inspection of a tube. 
2. The pressure derivative of the SH and SV wave velocities have 
different signs so the difference in transit times will be a strong 
function of pressure while still being relatively independent of varia-
tions in tube geometry. 
3. The temperature dependence of the wave velocities are not sensi-
tive to the hydrogen content and hence would make a poor NDE technique 
for measuring the presence of hydrides. 
4. The pressure derivatives and hence the third order elastic 
constants are changed by the presence of hydrogen and/or hydrides. There-
fore, an NDE technique for detecting and measuring the hydride content of 
a section of pressure tube could be based on observing the change in 
transit time when the tube pressure is changed by a controlled amount. 
5. In a practical inspection system, it will be difficult to hold 
the temperature fixed to the 0.1 0 C accuracy used in the experiments. 
However, since the sensor measures both the SV and SH waves simultaneously 
on the same volume of material and Table I gives the values for the co-
efficients a, a, band 8 in Eq. (1), it will be possible to use the 
transit time for one wave as a thermometer and correct the other wave 
transit time for temperature changes that occur during the pressure changes 
needed to deduce the value of the pressure derivatives and therefore the 
hydrogen content. 
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